In the present study, the aboveground biomass of the understorey vegetation of boreal coniferous forests was modelled according to the percentage cover. A total of 224 observations from 22 stands in upland forests and 195 observations from 14 different studies in peatland forests were utilized for the present analyses. The relationships between biomass and percentage cover can be used in ecosystem and carbon-cycle modelling as a rapid nondestructive method for estimation of the aboveground biomass of lichens, bryophytes, herbs and grasses, and dwarf shrubs in upland forests and bottom and field layers in peatland forests.
Introduction
The boreal forest biome plays an important role in the global carbon cycle. Forest vegetation and soil may act as significant sinks or sources of atmospheric carbon dioxide, depending on land use, forest management and environmental conditions. The carbon budgets of trees and forest soil have been modelled extensively, but understorey vegetation is not usually included in these analyses (Bonan et al. 1992) . In comparison to other components of forest ecosystems, the biomass of understorey vegetation is considered to be small and is sometimes dismissed as negligible. However, it may play an important role in many ecosystem processes, e.g. in the nutrient and carbon cycle (Yarie 1980, Van Cleve and Alexander 1981) , due to rapid turnover at the biomass level and the presence of easily decomposable litter (Tappeiner and Alm 1975 , Zavitkovski 1976 , Chapin 1983 . In upland soils, the annual litter production of understorey vegetation may represent a considerable proportion of the total litter production, varying from 4% to 30% (Hughes 1970) . On pristine peatlands, most of the organic matter deposited as peat derives from understorey vegetation (Lappalainen and Hänninen 1993) .
In many ecosystem models it is necessary to quantify the biomass of understorey vegetation as one of the components of nutrient cycling. Since direct methods (e.g. biomass harvesting) for measuring the aboveground biomass of understorey vegetation are destructive, laborious and timeconsuming (Hermy 1988 , Chiarucci et al. 1999 , indirect and nondestructive methods are needed. Nondestructive methods can also be applied when a change in biomass over time within the same sample plot is monitored (e.g. Bråkenhielm and Liu 1998) .
The canopy intercept method is used to estimate the aboveground biomass with hits by a stick or sharp needle passed through vegetation and it was suggested that this method could result accurate in estimates of aboveground biomass as well as be sensitive to plant growth form (Jonasson 1988, Frank and McNaughton 1990) . In this method, the need to use calibrations according to plant growth form is dependent on the scope of the study and the structure of the vegetation being studied.
Percentage cover analysis is widely used to characterize understorey vegetation (MuellerDombois and Ellenberg 1974 , Hermy 1988 , Chiarucci et al. 1999 . Typically, cover is defined as the vertical projection of the crown or shoot area of a species from the ground surface, expressed as the percentage of a reference area. It is essential that the cover be evaluated separately for each vegetation layer, since the understorey vegetation is typically organized into several horizontal layers. Mueller-Dombois and Ellenberg (1974) also concluded that nearly all plant lifeforms, from trees to bryophytes, can be evaluated by the same parameter and thereby in comparable terms. The disadvantage of percentage cover analysis is that observers differ in their tendency to under-or overestimate cover in relation to both species and quadrat size (Hermy 1988) . Several authors have suggested that there is a considerable relationship between the percentage cover and biomass of most species (Kellomäki 1973 , 1974 , Kuusipalo 1983 , Alaback 1986 , Alaback 1987 , Jonasson 1988 , Yarie and Mead 1989 , Chiarucci et al. 1999 , Röttgermann et al. 2000 . In some studies, the aboveground biomass of understorey vegetation in upland soils was estimated according to multiple variables (Kellomäki 1974 , Mattila and Helle 1978 , Mattila 1981 , Kuusipalo 1983 . The most often used combination is percentage cover and plant height. In his study, Alaback (1986) estimated the aboveground biomass of understorey species according to the percentage cover, basal shoot diameter or shoot length, using linear regression models. The applicability of such models is limited, since height is not a typically measured attribute in large-scale inventories. In addition, such models are typically built for single species and are based on relatively limited data. Furthermore, all previous studies concerning biomass predictions of understorey vegetation according to the percentage cover or other variables have dealt with upland sites. There are no biomass models available for the understorey vegetation of peatlands, although peatlands are a notable habitat group in the Boreal vegetation zone and play quite a significant role in the carbon cycle and carbon balance.
In the present study, we investigated the understorey vegetation by species group instead of single species. Despite the relatively wide variability in composition of the flora, dense cover and large number of species, the ground cover in upland soils of boreal forests is often dominated by only a few species, regardless of the phase of stand development (Kubícek and Simonovic 1982 , Kellomäki and Väisänen 1991 , Reinikainen et al. 2001 ). In the field and bottom layers, the dominant and subdominant species may represent over 90% of the total aboveground biomass (Mäkipää 1994 (Mäkipää , 1998 . On peatlands, the field layer biomass consists of a large variety of lifeforms and ecological types, and their combinations extend from water plants to forest species (Laine and Vasander 1996) . The range of lifeforms in the bottom layer of peatlands is much more uniform than in the field layer.
The objective here was to develop tools for estimating the aboveground biomass of understorey vegetation for conditions corresponding to those in Finland, based on the percentage cover of the plant species groups. We constructed models for the bottom layer (bryophytes and lichens) and field layer (dwarf shrubs, herbs and grasses) at both upland and peatland sites.
Material and Methods

Terms
The term 'understorey vegetation' is used to refer to all vegetation below the overstorey trees. Understorey vegetation may include herbaceous species, grasses and dwarf shrubs, as well as bryophytes and lichens. This definition of understorey vegetation excludes tall shrubs and epiphytes. In boreal forests, however, this exclusion results in only minor underestimates of the biomass of understorey vegetation. The aboveground biomass of understorey vegetation refers to the dry matter of the aboveground parts of the vegetation in the forest understorey.
The bottom layer consists of bryophytes and lichens only. Again, the field layer consists of dwarf shrubs, herbs and grasses. Dwarf shrubs are low shrubs with perennial aboveground woody stems that spreading near the ground surface, and that here included tree saplings with the same height as the dwarf shrubs. Herbs and grasses are annual plants without perennial aboveground woody stems. These divisions are based on traditional a priori grouping, which is typically defined by discrete and measurable biological trait differences (Reich et al. 2003) .
The term 'upland soil' refers to those forest sites growing on the mineral soil sites. Peatlands were defined botanically as sites supporting a peat-producing plant community. In the present study, peatlands consist of 1) hardwood-spruce mires and paludified forests, 2) pine mires and 3) drained peatland forests; open fens and bogs were not included.
Data
The data were compiled from several sources (Tables 1 and 2 ), with differences in the details of the sampling procedures. However, they in general resulted in comparable observations of the aboveground biomass of the understorey vegetation. The exact sampling procedures for each stand are presented in the corresponding original publications. In each study the percentage cover was estimated visually. The biomass of the aboveground parts was measured either as single species or as species groups such as herbs and grasses, dwarf shrubs, lichens and bryophytes. In some cases, the biomass was measured separately only for the bottom and field layers. A total of 224 sample quadrats were located in the upland soils and 195 on the peatlands.
Model Development
The hierarchical structure (i.e. sample quadrats within stands) in the data implies a lack of independence among measurements, since observations from the same stand are highly correlated. Correspondingly, we used mixed models that accounted for variance deriving from the different hierarchical levels in the data. Mixed models were used, since the sample quadrats could not be treated as independent units (Fox et al. 2001) .
The aboveground biomasses (y) of bryophytes and lichens in upland soils and of the field and bottom layers on peatlands were modelled as a function of percentage cover (x) with a mixed nonlinear model research articles
where b 0 and b 1 are fixed population parameters and u is a random parameter. The parameters were estimated with a nonlinear mixed SAS procedure (SAS Institute 1999). The aboveground biomasses of dwarf shrubs and herbs/grasses in upland soils were modelled with a mixed linear model
Several model structures were tested and compared with the fit-statistics and with the visual examination. Since the species composition may change with the change in total abundance of the species group, both linear and curvilinear relationships between cover and biomass were tested. The final decision between use of the nonlinear and linear models was made based on both evaluation of the differences between these two models and the ecological aspects of the current species group.
Results
For the bottom layer (bryophytes and lichens) of boreal coniferous upland forests the relationship between percentage cover and aboveground biomass was curvilinear (Table 3 and Fig. 1a, b  and 2a) , since the species composition changed according to the total percentage cover of the bottom layer (Fig. 3) . The proportion of other bottom layer plant species decreased while that of the pleurocarpous mosses Pleurozium schreberi (Brid.) Mitt. and Hylocomium splendens (Hedw.) B.S.G. increased. For the field layer (dwarf shrubs, herbs and grasses) the relationship followed a linear form (Table 4 (Mäkipää 1998) a) OMT = Herb-rich heath forest, MT = Mesic heath forest, VT/EMT = Subxeric heath forest, CT/MCClT = Xeric heath forest (Cajander 1949) . Table 2 . General description of the 16 previous studies on peatlands gathered for the present study. Main peatland categories: 1) hardwood-spruce mires and paludified forests, 2) pine mires and 3) drained peatland forests (Laine and Vasander 1990, 1996 (Laiho and Laine 1994, Laine et al. 1995 ) n/a n/a 1, 2 42 (Vuorinen et al. 1980 , Finér 1989 ) n/a n/a 1, 2 37 (Vuorinen et al. 1980 , Finér 1989 ) n/a n/a 3 2 (Solmari 1986) The residuals demonstrated that the models developed resulted in unbiased estimates of the aboveground biomass of upland sites, according to the percentage cover (Fig. 4) . Although residual clouds showed heteroskedastic phenomena, transformations could not be done since the zero values of the dependent variable are needed to describe the nature of the relationship between the percentage cover and the aboveground biomass of understorey vegetation.
The models of the aboveground biomass of peatland understorey vegetation were predicted using Eq. 1 (Table 5 , Figs. 5 and 6). The relationship between percentage cover and biomass of the understorey vegetation was weaker on the pine mires and on the drained peatlands than on the hardwood-spruce mires and in the paludified forests (Fig. 6) . Due to the low number of observations, it was impractical to fit the basic mixed nonlinear model (Eq. 1) to the field layer of drained peatland forests.
We also tested whether the available stand characteristics could be used together with the percentage cover to estimate the aboveground biomass of understorey vegetation in upland soils and peatlands. The use of such characteristics did not improve the statistical models.
Discussion
Developed Models and Comparison with Previous Studies
The models used to predict the aboveground biomass of the field layer in upland soils were similar to those previously developed by Kellomäki (1974 Kellomäki ( , 1975 , as shown in Figs. 1c and  1d . In addition, Kellomäki's (1974 Kellomäki's ( , 1975 ) models accounted for a noticeably lower biomass for the bottom layer than did the data and models of the present study (Figs. 1a, b ). Kellomäki's (1974 Kellomäki's ( , 1975 equations were based on material from a single forest stand per forest site type (mesic, subxeric and xeric heath forests) (Cajander 1949) , while our equations were based on more extensive data. Mattila (1981, 1988 ) developed several models to predict the aboveground biomass of some lichen and grass species in northern Finland, according to percentage cover and height. In addition, Kuusipalo (1983) produced models with different forms for estimating the aboveground biomass of Vaccinium myrtillus L. according to percentage cover and height. Kuusipalo (1983) reported that the percentage cover alone accounted for approximately 70% of the variation in aboveground biomass of V. myrtillus, while percentage cover and mean height together accounted for 80%. Kuusipalo (1983) concluded that increased growth with larger leaves, a greater amount of branches and thicker stems resulted in a mean increase in height that showed a curvilinear relationship with biomass. Although Mattila (1981) and Kuusipalo (1983) developed models with two factors, percentage cover and height, their results also indicated that percentage cover alone accounted for a substantial proportion of the variation in aboveground biomass. The applicability of their models is, however, limited since height is not a typically measured variable.
No models have previously been used to estimate the aboveground biomass of peatland understorey vegetation according to percentage cover. However, Reinikainen et al. (1984) estimated the proportion of the understorey biomass according to the total living aboveground biomass. In the present study, the use of stand variables (such as stand volume, basal area, stand age, fertility level) did not improve the models.
Although the results are based on a comparatively small dataset, they present clear evidence for the existence of relationships between plant cover and aboveground biomass within upland and peatland vegetation. The bottom layer on upland soils and understorey vegetation on peatlands showed curvilinear forms, at least partly because the species composition may change according to the total percentage cover (see Fig. 3 ). When the total percentage cover of such groups was low, species were small. In contrast, when the total percentage cover was higher, the major pleurocarpous species P. schreberi and H. splendens predominated in the higher total percentage cover, where they formed dense bryophyte layers. For the field layer of upland soils the equations are linear, since no clear change occurred in species composition as in the earlier case. The relationship between cover and biomass of single plant species is always constantly linear (e.g. Mattila and Helle 1978 , Kuusipalo 1983 , Alaback 1986 , Alaback 1987 , Mattila 1988 , Röttgermann et al. 2000 . Specieswise analysis was not possible due to the limitations of the data. The data were compiled from different sources and the definitions for the surveying units varied widely; in one study the biomass was measured as a single species, while in an other it was measured separately only for the bottom and field layers.
When the percentage cover and the amount of biomass in the understorey vegetation are examined, the estimation is based on the results of a single sampling and thus shows the situation at that particular time. Changes in the biomass of woodland ecosystems occur both within the year and over the extended periods. Here we presented the situation during the last part of the growing season when both the species cover and biomass were assumed to be maximal.
Applicability of the Results
The relationships obtained can be used for rapid nondestructive determination of the aboveground biomass when direct biomass measurements are not available but the percentage cover of different plant species is recorded or can be recorded. Vegetation analyses that are based on estimation of the percentage cover of different species are widely available. In Finland, nationwide data with specieswise observation of percentage cover are available for understorey vegetation. Such data were collected in 1951-1953, 1985-1986 and 1995 from systematic networks of sample plots, covering the whole of Finland, that were established by the Finnish National Forest Inventory (Reinikainen et al. 2001, Mäkipää and Heikkinen 2003) . Furthermore, the abundance of plant species can be estimated using nondestructive determination of cover by image-based analysis, as presented by Röttgermann et al. (2000) . The models developed can be applied to the conditions corresponding to those in the Boreal vegetation zone in Fenno-Scandia and Karelia. We modelled biomass as a function of species cover based on data that do not include very young or very old forest stands. The relationship between percentage cover and biomass is not, however, especially dependent on stand age, but instead on the morphology and growth characteristics of plant species and, most importantly, the specieswise dimensions of the plant and species composition, as discussed by Frank and McNaughton (1990) .
In any season, the biomass of the belowground parts of the vegetation is substantially higher than that of the aboveground parts (Zavitkovski 1976 , Kubícek and Simonovic 1982 , Kubícek et al. 1994 . The amount of belowground biomass of grasses, herbs and dwarf shrubs in coniferous forests was estimated to be twice as large as the maximum biomass of the aboveground parts during the growing season (Mälkönen 1974 , Perina and Kvet 1975 , Kubícek and Simonovic 1982 , Havas and Kubin 1983 , Kubícek et al. 1994 .
